. Increased hypoxia and reduced renal tubular response to furosemide detected by BOLD magnetic resonance imaging in swine renovascular hypertension. Am J Physiol Renal Physiol 297: F981-F986, 2009. First published July 29, 2009 doi:10.1152/ajprenal.90757.2008.-Oxygen consumption beyond the proximal tubule is mainly determined by active solute reabsorption, especially in the thick ascending limb of the Loop of Henle. Furosemide-induced suppression of oxygen consumption (FSOC) involves inhibition of sodium transport in this segment, which is normally accompanied by a marked decrease in the intrarenal deoxyhemoglobin detectable by blood oxygen level-dependent (BOLD)-magnetic resonance imaging (MRI). This study tested the hypothesis that the magnitude of BOLD-MRI signal change after furosemide is related to impaired renal function in renovascular hypertension. In 16 pigs with unilateral renal artery stenosis, renal hemodynamics, function, and tubular function (FSOC and fluid concentration capacity) were evaluated in both kidneys using MR and multidetector computerized tomography (MDCT) imaging. Animals with adequate FSOC (23.6 Ϯ 2.2%, P Ͼ 0.05 vs. baseline) exhibited a mean arterial pressure (MAP) of 113 Ϯ 7 mmHg, and relatively preserved glomerular filtration rate (GFR) of 60 Ϯ 4.5 ml/min, comparable to their contralateral kidney (66 Ϯ 4 ml/min, P Ͼ 0.05). In contrast, animals with low FSOC (3.1 Ϯ 2.1%, P ϭ NS vs. baseline) had MAP of 124 Ϯ 9 mmHg and GFR (22 Ϯ 6 ml/min) significantly lower than the contralateral kidneys (66 Ϯ 4 ml/min, P Ͻ 0.05). The group with preserved GFR and FSOC showed an increase in intratubular fluid concentration as assessed by MDCT that was greater than that observed in the low GFR group, suggesting better preservation of tubular function in the former group. These results suggest that changes in BOLD-MRI after furosemide can differentiate between underperfused kidneys with preserved tubular function and those with tubular dysfunction. This approach may allow more detailed physiologic evaluation of poststenotic kidneys in renovascular hypertension than previously possible.
THE EVALUATION AND MANAGEMENT of renovascular hypertension have been and continue to be a subject of intense debate (39, 43) . The uncertainties are mostly due to difficulties in assessing individual renal function and viability in kidneys that are unequally perfused (15, 34) . Large vessel occlusion of the renal circulation is known to affect blood flow and glomerular filtration in the poststenotic kidney. As filtration falls, fractional sodium reabsorption increases, leading to reduced sodium excretion in the affected kidney. Because sodium reabsorption in tubular segments beyond the proximal tubule requires energy, this process increases kidney work and oxygen consumption. In more severe stenoses, glomerular filtration rate (GFR) and sodium delivery eventually fall, while overall sodium reabsorption and oxygen consumption decline. In addition to tubular work, a decrease in oxygen delivery may lead to renal hypoxia, while subsequent replacement of viable renal tissue by fibrotic tissue decreases oxygen consumption. Therefore, basal renal tissue oxygenation, and in turn deoxyhemoglobin content, is determined by a balance among several determinants of oxygen delivery and consumption.
Blood oxygen level-dependent magnetic resonance imaging (BOLD-MRI) allows estimation of cortical and medullary deoxyhemoglobin, as we (16, 38) and others (18, 30) demonstrated. The inhibition of O 2 consumption achieved by blocking sodium and chloride reabsorption in the thick ascending limb of Henle's Loop with furosemide is followed by a marked decrease in the intrarenal levels of deoxyhemoglobin. Administration of furosemide in conjunction with BOLD-MRI therefore allows detection and estimation of renal oxygen consumption dependent on tubular solute reabsorption. Hence, we hypothesized that the response to furosemide might be diminished in severe renovascular disease when tubular function is significantly impaired (25) and that this would be detectable by BOLD-MRI. In support of this hypothesis, Textor et al. (38) recently showed that in the stenotic kidney of patients with renovascular hypertension having a normal nephrogram, furosemide produced a significant reduction in medullary BOLD-MRI signal. On the other hand, no such reduction was observed in renovascular hypertensive patients with "nonfunctioning kidneys." However, it remained unknown whether the blunted furosemide-induced suppression of oxygen consumption (FSOC) was due to decreased sodium delivery or to local dysfunction of the tubules.
In a swine model, we sought to create large vessel occlusion recognized as producing a wide range of poststenotic renal dysfunction. With the use of a multidetector computed tomography (MDCT) scanner, we can measure renal blood flow (RBF) in each kidney along with single-kidney GFR after injection of intravenous (IV) contrast. During the tubular phase of contrast transit, it is also possible indirectly to evaluate segmental tubular dynamics (19) independent of contrast media delivery via GFR. The use of these two powerful imaging techniques might thus shed light on tubular function in different nephron segments. Therefore, the present study was undertaken to test the hypothesis that BOLD-MRI can help differentiate adequate and impaired renal tubular responses to FSOC in renovascular hypertension. For this purpose, both the stenotic and contralateral kidneys of renovascular hypertensive pigs were studied with MRI-BOLD to determine FSOC. In addition, MDCT was used to determine concurrent renal function as well as segmental tubular function.
MATERIALS AND METHODS
This study was approved by the Institutional Animal Care and Use Committee. Domestic female pigs (body wt 30 -40 kg) were used in this study.
Induction of renal artery stenosis. Eight weeks before the imaging studies, unilateral renal artery stenosis (RAS) was induced. At baseline, under sterile conditions and fluoroscopic guidance, a metal wire coil was engaged in the proximal-middle section of the right renal artery as previously described (8, 9, 25, 33) . This induces a variable reactive hypertrophy of the arterial intimal wall, resulting in different degrees of hypertension.
MRI acquisition was done at 8 wk after induction of RAS, followed by a 4-day recovery period, and finally CT scanning was performed. This allowed full recovery and minimized any possible interference between the two imaging procedures. For each imaging session, anesthesia was induced with intramuscular ketamine/xylazine (20 mg/kg, 2 mg/kg), and the pigs were intubated and mechanically ventilated with room air. Continuous IV infusion of ketamine (0.2 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) and xylazine (0.03 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was used for the maintenance, with minimal effects on renal hemodynamics (2, 36, 40) .
MRI-BOLD image acquisition. Eight weeks after baseline intervention renal MR-BOLD imaging was performed at 1.5 Tesla (Signa Echo Speed; GE Medical Systems, Milwaukee, WI) to measure R2* levels in medullary and cortical regions of the kidney using customized abdominal organ protocols, as previously described (12, 13, 16, 29, 30) . MRI examinations were performed during suspended respiration.
The principle of the BOLD method has been described in detail in previous publications (16, 29) . Briefly, paramagnetic molecules induce magnetic field perturbations. In the blood, oxyhemoglobin is diamagnetic and its concentration has no effect on T2*, but deoxyhemoglobin is paramagnetic and decreases tissue T2*. Therefore, when the echo time of the gradient echo MRI acquisition increases, the MRI signal attenuation increases with increased concentration of deoxyhemoglobin. The slope of Ln (intensity) vs. echo time equals relaxation time rate R2* (ϭ1/T2) (16, 29) and is directly proportional to the concentration of deoxyhemoglobin.
For data analysis, regions of interest were manually traced in the cortex and medulla on the 7-ms echo time image that gave the best anatomic details. For each echo time, the software automatically computed the average of MR signals within each region of interest. The BOLD signal, as characterized by the relaxivity R2*, was then measured (16) . Following the initial BOLD acquisition, furosemide (20 mg) was administered intravenously into an ear vein catheter and flushed with 2 ml of saline. The BOLD measurements were repeated 15 min later. Finally, the change in R2* from prefurosemide to postfurosemide was determined as "delta-R2*."
CT image acquisition. Four days after BOLD-MRI, each animal was anesthetized again, intubated, and mechanically ventilated with room air. For MDCT preparation, vascular cut-downs were made in the left carotid artery and left jugular vein. Under sterile conditions, an 8F arterial guide was inserted in the carotid artery. A side arm of the arterial sheath served for monitoring of arterial pressure. A pigtail catheter was advanced through the left jugular vein sheath and positioned in the superior vena cava for contrast injections.
Scanning sequences. After catheter placement, the animals were positioned in the MDCT (Somatom Sensation 64; Siemens Medical Solutions, Forchheim, Germany) scanning gantry. All tomographic levels containing both kidneys were identified with localization scans. For performance of a flow study, two mid-hilar tomographic levels in both kidneys were chosen, and a bolus of iopamidol (0.5 ml/kg over 2 s) was injected, as previously described (8 -10, 19, 26, 33) , for acquisition of 140 consecutive scans over 3 min. Renal volume study was performed after a 15-min rest in the helical mode (240 mAs, 120 kV, pitch of 1.2, and B40 medium kernel) to obtain contiguous 5-mm-thick levels for measurements of cortical, medullary, and total kidney volume. Blood pressure was monitored throughout the experiment.
MDCT data analysis. The methodology used for MDCT data analysis has been previously described in detail (8 -10, 19, 26, 33) . Briefly, regions of interest were traced in the aorta and cortex and medulla of both kidneys and their densities were sampled. For each region, time-density curves were generated, fitted with extended gamma variate fits (19) , and the area enclosed under the curve and its mean transit times were calculated from the curve-fitting parameters. The curves generated in the cortex provided cortical vascular (perfusion), proximal, and distal tubular transit, while medullary curves provided medullary vascular and tubular transit in the Loop of Henle. Renal regional perfusion (ml ⅐ min Ϫ1 ⅐ ml tissue Ϫ1 ), single-kidney GFR (ml/min), cortical and medullary volumes, and RBF were subsequently calculated as previously described (7, 19, 21, 24) . Intratubular fluid concentration (i.e., degree of concentration or dilution of tubular fluid) was calculated for each (cortical and medullary) nephron segment as the ratio of the area under each tubular curve to that of the cortical vascular curve and normalized (divided) by GFR. Once standardized, this parameter applies to broad physiological conditions regardless of independent changes in RBF or GFR and reflects concentration/dilution function of each tubular segment.
The method used to calculate volumes was based on a statistical point-counting volume estimation program (21-23) implemented with ANALYZE (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN).
Statistical analysis. Results are expressed as means Ϯ SE. Comparisons between experimental groups were performed using unpaired Student's t-test. Statistical significance was accepted if P Ͻ 0.05.
RESULTS

Effects of progressive constriction of the renal artery on
RBF and GFR in the stenotic kidney. As might be expected, there was a significant correlation between the levels of RBF and GFR (Fig. 1 , r ϭ 0.65, P Ͻ 0.01).
Effect of changes in GFR on FSOC in the medulla of the stenotic kidney. The group of animals with lower GFR showed absolute medullary R2* values slightly above those in the group with higher GFR (19.1 Ϯ 2.3 vs. 15.5 Ϯ 0.8), although this did not reach statistical significance. Figure 2A illustrates the relationship between different levels of GFR and changes in R2* induced by FSOC in pigs with experimentally induced renovascular disease. There was a significant relationship between the magnitude of poststenotic single-kidney GFR and the changes in medullary deoxyhemoglobin detected with MR-BOLD. The values of these parameters tended to aggregate into two distinctive groups. In eight kidneys (represented in Fig. 2A by •) , the levels of GFR did not exceed 45 ml/min and the change of deoxyhemoglobin signal (in 7/8 animals) was Ͻ5%. By contrast, eight other kidneys (represented in Fig. 2A by ⅙) with GFR values higher than 45 ml/min exhibited a change in deoxyhemoglobin signal of 23.6 Ϯ 2.2% in response to furosemide. However, these limits were not absolute in defining the point at which the fall in GFR compromised sodium delivery. For example, two animals with the same levels of GFR (45 ml/min each) exhibited very different levels of deoxyhemoglobin signal responses to furosemide (0 and 31%). Similarly, two other animals with a comparable response of DHb-R2* signal (15 and 17%) to furosemide had different levels of GFR (80 and 20 ml/min, respectively). In general, the fall in sodium delivery was such that the response of the deoxyhemoglobin-R2* signal to furosemide was under 5% for a level of GFR below 45 ml/min. In contrast, GFR levels higher than 45 ml/min were associated with FSOC response greater that 18%.
The average values of GFR that corresponded to their respective changes of BOLD-R2* signals for the two groups of animals mentioned above are also represented in Fig. 2A . It can be seen that a low level of GFR (22.5 Ϯ 6.2 ml/min) corresponds to an average change of deoxyhemoglobin-R2* signal of 3.1 Ϯ 2%; in contrast, the group of animals with higher levels of GFR (60.1 Ϯ 4.54 ml/min), and likely a less severe degree of arterial stenosis, showed an average change in deoxyhemoglobin-R2* signal of 23.6 Ϯ 2.1%.
Effects of changes in GFR on FSOC in the medulla of the contralateral kidney. In contrast to the stenotic kidney, the contralateral kidney did not exhibit any correlation between the level of GFR and the change in the deoxyhemoglobin signal induced by furosemide in the renal medulla (Fig. 2B) . To facilitate comparisons, the levels of GFR (plotted against the % change in R2*) from the contralateral kidney have been labeled with open or closed circles depending on whether they originated from animals exhibiting high or low GFR in their respective stenotic kidney. In almost all the animals, the values of GFR in the contralateral kidney were higher than 45 ml/min. However, the values of GFR did not exhibit any correlation with the corresponding values of percent change in R2*.
Correlation between FSOC with renal function in the contralateral and stenotic kidney. As shown in Table 1 , animals that exhibited deoxyhemoglobin-R2* response to furosemide above Ͼ18% had similar RBF, GFR, renal volume, and tissue perfusion between the contralateral and stenotic kidneys. In these animals, the increase from baseline in mean arterial pressure (MAP) was 18 Ϯ 1 mmHg. In contrast, the animals that exhibited a weak deoxyhemoglobin-R2* response to furosemide (below 5%) were characterized by significantly lower Fig. 2 . A: relationship between changes in medullary blood oxygen leveldependent magnetic resonance imaging (BOLD-MRI) R2* induced by furosemide suppression of oxygen consumption with the level of GFR in the stenotic kidney of animals with experimentally induced renovascular hypertension. GFR levels below 45 ml/min are represented with F. GFR levels above 45 ml/min are represented with E. Average levels for both groups with high and low GFR are also represented with their respective SE. B: relationship between changes in medullary BOLD-MRI R2* induced by furosemide suppression of oxygen consumption with the level of GFR in the contralateral kidney of animals with experimental renovascular hypertension. F Represent levels in the contralateral kidney that correspond to low GFR in the stenotic kidney, while E represent levels in he contralateral kidney that correspond to high levels of GFR in the stenotic kidney. levels of RBF, GFR, renal volume, and tissue perfusion in the stenotic vs. contralateral kidney (P Ͻ 0.01 for all). Furthermore, in these animals the increase of MAP from baseline was 28 Ϯ 0.2 mmHg, which was slightly, albeit not significantly (P Ͻ 0.18), greater than in animals with preserved GFR. Note that the levels of MAP in both groups of animals before the constriction of the renal artery were virtually the same (Table 1) .
Changes in density of X-ray contrast medium along the proximal, Henle's Loop, and distal nephron segments. The changes in X-ray density along the cortical proximal tubule, renal medullary Loop of Henle, and cortical distal nephrons in animals with high GFR and low GFR recorded in the stenotic and contralateral kidney using MDCT are presented in Table 2 . In both groups and for both kidneys, X-ray density was somewhat higher in the Loop of Henle than in proximal or distal tubules. However, in the stenotic kidney of animals with high GFR the X-ray density in the Loop of Henle was higher when compared with the low GFR group, suggesting higher fluid reabsorption, although this difference did not achieve statistical significance (P ϭ 0.14) due to large variability.
DISCUSSION
The results of this study indicate that changes in medullary tubular function after furosemide in poststenotic kidneys as measured by BOLD-MRI correlate with the degree of residual GFR of that kidney. Therefore, this technique might be useful to evaluate both kidneys in renovascular hypertension.
Renal oxygen consumption. The renal parenchyma has two major components that determine O 2 consumption. These include a basal O 2 consumption (20) , which is inherent to the existence of a minimal metabolic activity (ϳ1 mM/g tissue), and a much higher level of O 2 consumption (6 -7 mM/g tissue) related to tubular solute reabsorption. The proximal tubules reabsorb in an isosmotic fashion 67% of filtered sodium and consume 27% of total O 2 (4, 11, 18) . In contrast, the Loop of Henle reabsorbs 30% of the filtered sodium and consumes 65% of O 2 (4, 11, 18) . This high-energy expenditure is attributed to the fact that the Loop of Henle is impermeable to water, and sodium chloride is reabsorbed against an osmotic gradient (14, 17, 18) . O 2 is also consumed by more distally located tubules but total sodium reabsorption in these segments constitutes only a small fraction of sodium filtered in the glomeruli (6%). Specific blockade of sodium reabsorption in the thick ascending Loop of Henle, which can be achieved by inhibiting the 2 Cl, sodium, K cotransporter (1, 5, 32) with furosemide, produces a decrease of O 2 consumption with a proportional decrease in the intrarenal levels of deoxyhemoglobin. Since the intrarenal oxygenation can be evaluated noninvasively with BOLD-MRI (29) , FSOC provides an index of active tubular solute reabsorption.
Changes in BOLD-MRI induced by FSOC in the stenotic kidney.
Previous findings showed that the coil method used to produce a unilateral renal artery constriction yielded variable degrees of obstruction, the severity of which correlated with the increase in MAP as well as with the magnitude of the fall in RBF and GFR (25) . Animals with mild stenosis develop an increase in MAP that overcomes the impedance of the arterial constriction, thereby restoring RBF, GFR, and tubular fluid delivery. We then hypothesized that such compensation could maintain the response to furosemide comparable to that of the contralateral kidney (Table 1) . However, as the stenosis becomes more severe, a pronounced decline in RBF may lead to ischemia and decrease basal renal oxygenation and increase R2* values (a nonstatistically significant trend observed in animals with low GFR), while the fall of GFR significantly limits fluid delivery and therefore tubular sodium reabsorption. We suspected it would decrease proportionally the FSOC response as measured with BOLD-MRI. In addition, tubular injury might decrease tubular fluid concentration capacity and result in tubular dysfunction (8) , which would also contribute to blunt FSOC responses. The results of our study demonstrated a rather abrupt transition in BOLD-MR responses to furosemide, since below a GFR level of 45 ml/min there was a very limited FSOC response by BOLD-MRI, whereas FSOC responses were virtually normalized above a GFR level of 45 ml/min. However, a few animals exhibited "transitional values" characterized by comparable levels of GFR and different responses of BOLD-MRI to FSOC, or vice versa, similar responses to FSOC and different levels of GFR. We propose that these disparities may be related to the fact that the stenotic kidney develops variable interstitial fibrosis and tubular atrophy (6), which can alter renal capillary circulation and renal interstitial pressure. This, in turn, affects tubular fluid flow and tubular fluid reabsorption in a heterogeneous manner, which tend to become independent of the level of GFR.
Notably, even in kidneys with relatively preserved GFR, FSOC is slightly (albeit not markedly) lower than the ϳ30% decrease in R2* observed in normal human and pig renal medullas in response to furosemide (27, 28) . This might be due to redistribution of sodium reabsorption to other tubular segments that do not respond to furosemide, tubular damage, or changes in sodium reabsorption efficiency (42) .
Contralateral kidneys. We observed no correlation between high values of GFR recorded in the contralateral kidney of both groups and the marked changes in BOLD-MRI induced by FSOC. These changes are compatible with a natriuretic compensatory response of the contralateral kidney, which counteracts the decrease of sodium delivery in the stenotic kidney. It should be noted that such a natriuretic response in the contralateral kidney is most likely mediated by a proximal sodium rejection, since sodium reabsorption in the Loop of Henle remains dependent on sodium delivery as it occurs during abundant sodium delivery.
Reduced FSOC as a marker for the stage of renal impairment in renovascular hypertension. The results of this study also revealed that indirect estimations of sodium reabsorption, through the response of BOLD-MRI to furosemide, might provide a useful index to disclose the stage of development of renovascular hypertension and its effects on the kidneys. In fact, significant FSOC in the stenotic kidney suggests that the increase in MAP in this group has been capable of overcoming Changes in the density (which reflects tissue concentration) of X-ray contrast medium along the proximal and distal tubules and in the renal medulla are illustrated in Table 2 . The contrast media concentration is related inversely to and therefore serves as an index of tubular fluid reabsorption. These density measures are indexed to the concentration of contrast media in the cortical vessels and normalized for GFR. Interestingly, medullary density of contrast in stenotic kidneys with normal GFR appeared to be higher compared with stenotic kidneys with low GFR, although the difference has not reached statistical significance. Because these parameters are normalized for GFR, this slight difference can be attributed at least partly to an increase in sodium reabsorption (rather than decreased delivery) in the proximal segments, which characterizes kidneys with low perfusion pressure (3, 8, 35, 37) and can extend to the Loop. These differences of densities also explain the differences in the FSOC responses in the Loop of Henle. The lower tubular fluid concentration in the Loop of Henle of animals with low GFR may reflect failure to transport solute and decreased capacity to concentrate tubular fluid in this segment, consistent with the BOLD-MRI finding of medullary tubular dysfunction in this group. Nevertheless, it is likely that additional factors that modulate FSOC reduced sodium delivery also contributed to the observed decrease, such as redistribution or changes in efficiency of sodium reabsorption (41) .
Conclusions. The findings reported in this study provide further insight into application of BOLD-MRI as a noninvasive method of assessing renal tubular dysfunction in poststenotic kidneys. They underscore the complex means by which a reduction in FSOC may demonstrate functional tubulointerstitial injury that may potentially help delineate the response to renal revascularization. The MDCT-derived measure of tubular fluid concentration suggests that the impaired FSOC observed in low-functioning stenotic kidneys is not caused only by a decrease in sodium and fluid delivery, but also by local tubular dysfunction. However, while these data are suggestive, future studies will be needed to verify and establish the mechanisms of decreased FSOC in dysfunctional kidneys.
The BOLD-MRI method has several advantages. While CT can also evaluate renal tubular function (19, 23) , the use of IV contrast in CT studies mandates restrictions in patients with renal disease. Similarly, conventional angiogram provides information only about the anatomic degree of stenosis, also through the use of contrast media. Other techniques to assess distal nephron function, such as micropuncture, are too invasive and used only experimentally. Instead, BOLD-MRI constitutes a new noninvasive tool that does not require the use of contrast media and is clinically applicable. Compared with Doppler-resistive index (31), our method also provides detailed anatomical and functional information on the renal parenchyma, differentiates cortex and medulla, and studies tubular function. This might provide higher-resolution information than currently available about changes in specific renal regions and functional features, which might potentially have predictive power regarding the choice of treatment or renal response to therapy. Therefore, MR in conjunction with BOLD can become a very useful tool to assess both kidneys in renovascular disease and hypertension.
